Introduction
The transfer of electronic excitation energy between molecules and atoms has attracted a good deal of attention during recent years. In the case of gases, this subject has been studied mainly by physicists, and important contributions have been made by J. Franck and his school in particular. In condensed systems, the transfer of excitation energy (absorbed primarily from an external light source) and the behaviour of excited molecules form the basis for all types of photosensitized reactions. These reactions are of considerable importance for the various types of biological photosynthesis and for many technical problems.
From a theoretical standpoint these reactions are interpreted by the hypothesis of collisions of the second kind put forward by Klein and Rosseland (1921) . Although their theory is based on a thermodynamical argument without giving a detailed picture of the actual mechanism, it has been assumed frequently th a t a direct transfer of a quantum of light energy can take place from the excited molecule to another molecule which under the influence of this acquired energy undergoes a chemical change. West, Muller and Jette (1928) , in an attem pt to study collisions of the second kind in solution, investigated the photosensitized decomposition of oxalic acid by uranium salts. They arrived a t the im portant conclusion th a t this sensitized photodecomposition goes parallel with the quenching of the uranium fluorescence by the oxalic acid. The elementary process of the quenching of the fluorescence was thus recognized as the primary process in this photosensitized reaction, a result in agreement with similar results obtained by Gaffron (1926) and Noack (1927) from a study of various photosensitized oxidations.
In agreement with the views then accepted about the quenching of fluorescence in solution, West et al. (1928) suggested a mechanism based on the direct transfer of energy from the light-absorbing uranium salt to the oxalic acid as mentioned above. They considered this mechanism to be proved when they were able to show th a t substances (such as I -, Br~) which themselves strongly quenched the fluorescence of uranium salts, did actually inhibit the decomposition of oxalic acid. However, Rollefson (1935) and Pringsheim (1937) pointed out th a t a difficulty still existed. Iodide ions in a concentration of about 1/1000 m , which are sufficient to bring about a considerable quenching of the uranium fluorescence, do not decelerate the decomposition of oxalic acid, and a concentration about 100 times greater is necessary in order to inhibit the rate of decomposition perceptibly. In order to overcome this difficulty the latter author assumed the formation of a complex between the uranium salt and the oxalic acid which would be stable towards the influence of iodide ions. As evidence for this complex he adduced the comparatively slight changes in the absorption spectra in the visible, which manifest themselves when oxalic acid is added to a uranium salt.
The idea th at a simple transfer of the absorbed energy is responsible for the photosensitized decomposition can be ruled out immediately by energy considerations alone. The quantum of energy absorbed by the uranium salt in the visible (blue) region of the spectrum cannot possibly suffice, in itself, to bring about the photolysis of oxalic acid which requires the absorption of an ultra-violet light quantum for its decomposition (Allmand and Reeve 1926) .
As we shall show further on in this paper, it is possible to obtain more detailed information about the mechanism of the energy transfer by investi gating this reaction in the presence of substances which can act as quenchers of the uranium fluorescence. We have undertaken, therefore, to study this reaction in the absence and presence of iodide and bromide ions. A considerable amount of work has been devoted to the study of the photosensitized decomposition of oxalic acid and this reaction is also used in photometry. Previous investigators have mostly been satisfied by a measure of the total oxalic acid decomposed. Although we possess some investigations of Bruner and Kozak (1911) and Btichi (1924) who have shown th a t formic acid and uranous salt are formed during the reaction, these facts have been more or less disregarded and the net reaction has often been represented, according to: H 2C20 4 = C 02 + C0 + H 20 .
Our own investigations have shown, in fact, th a t even in the most favourable cases, only about 50 % of the oxalic acid decomposition takes place in accordance with the above reaction.
If the original conception of a simple transfer of excitation energy or of the formation of a stable complex between the oxalic acid and the uranium salt is correct, we would expect further th a t the addition of quenching substances would result in a decrease in the reaction velocity without any appreciable change in the reaction products. The same effect should result from the addition of hydrogen ions unless an exceptionally great stability of this complex towards hydrogen ions is assumed.
In the course of our study, we have reinvestigated also the quenching of the fluorescence of uranium salts by iodide ions, as no detailed information is given in the literature, and we were able to demonstrate experimentally the nature of the elementary reaction of this quenching process.
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2. E xperimental (a) Experimental arrangement The method consisted essentially of irradiating the solutions in an oxygenfree atmosphere, collecting the evolved carbon monoxide, and analysing the solutions to determine the amount of oxalic acid decomposed, and the amounts of uranous salt and formic acid formed. It is essential to exclude completely the oxygen for two reasons: (i) to prevent the reoxidation of the uranous salt formed, (ii) to prevent a photosensitized oxidation of the iodide or bromide ions in the solution.f We have excluded all air by bubbling through the solutions a stream of air-free carbon dioxide, prepared by the methods used in micro-analysis (Pregl.).
The reaction vessels consisted of two glass bottles (1 5 x 8 x 5 cm.) fitted with rubber stoppers carrying two capillary tubes, one reaching nearly to the bottom of each vessel and the other just through the stopper. The bottles were fixed in a therm ostat maintained a t a temperature of 25° + 0* 1° C. The carbon dioxide was passed into the reaction vessels and the evolved gases were collected in two nitrometers filled with specially pre pared caustic potash solutions. The light source consisted of a 1000 W projection lamp fixed in a suitable cover and placed in front of the glass window of the thermostat. The intensity of illumination was adjusted until both vessels appeared to be equally illuminated and checked by carrying out a blank experiment with the same solution in both vessels.
(b) Methods of analysis (i) Original solution
The concentration of the original oxalic acid or sodium oxalate was determined by direct titration with 1/10 n potassium permanganate.
(ii) Solution after experiment.
(i) Carbon monoxide. This was obtained by a direct measurement of the collected gas.
(ii) Uranous salt. In the solutions without iodide the uranous salt was determined by direct titration with 1/10 n potassium permanganate after cooling in ice.
For solutions containing iodide the uranous salt was determined in most cases by difference, the results being confirmed in some experiments by the use of two other methods.
In the first method, the iodide was precipitated by silver sulphate. The total uranous and oxalic acid were determined by titration with 1/IO n potassium permanganate and the amount of uranous salt obtained by subtracting the oxalic acid from this total.
The second method employed an apparatus specially designed for the purpose, which permitted the precipitation of the uranous salt (with NaOH) and the complete separation of it from the other substances present in an atmosphere of oxygen-free nitrogen. The precipitate was then dissolved in dilute sulphuric acid in the nitrogen atmosphere and titrated with 0*1 n permanganate.
(iii) Formic acid. 50 c.c. portions of the solution were made just alkaline with caustic soda solution. After standing to allow the uranous salt to be completely oxidized, an excess of mercuric chloride was added and the formic acid determined as calomel, the latter being determined by addition of excess 0-05 n iodine and the excess back-titrated by 0*05 n thiosulphate.
(iv)
Residual oxalate. In the solutions without iodide the oxalate was determined after the uranous salt by heating the solution and titrating with 0*1 n potassium permanganate.
For the solutions with iodide the oxalate was precipitated by calcium chloride and the precipitate filtered and washed free from iodide and chloride. I t was then dissolved in dilute sulphuric acid, heated and titrated with 0-1 n potassium permanganate.
(c) Photochemical reaction between U VI and I -200 c.c. portions of 1/60 m uranium sulphate were placed in two flasks and connected to a purified nitrogen supply. The flasks were placed in a trough of water and a stream of nitrogen passed through. They were then illuminated by a mercury arc lamp, the nitrogen stream being maintained throughout. The amount of iodine liberated was then determined by titra tion with 0*05 n sodium thiosulphate. 3
R esults
As has been mentioned already in the experimental part, experiments were carried out with oxalic acid, with oxalic acid acidified with sulphuric acid, and with sodium oxalate. The reaction mixture in the case of sodium oxalate had a pH ~ 5 (measured colorimetrically). In table 1 we have given the total oxalic acid decomposed in a given time ( -A Ox) in the absence of the inhibitor and the deceleration ( -d(dO x)) in the presence of various concentrations of iodide.
In the case of oxalic acid our results are in fair agreement with the previous measurements of West et al. (1928) , although for reasons already stated (I2 formation), their results are not wholly reliable. In our experi ments carbon dioxide entirely free from air was used, and we tested separately after each experiment for free iodine with negative results in all cases except those employing m/10 and 1 m sulphuric acid. However, even in these cases this was not due to free oxygen but to the photochemical reduction of UVI by I -in the more strongly acid solutions. As will be seen, the inhibition increases rather strongly with increasing hydrogen-ion concentration.
We wish to compare with the above results our measurements of the quenching of the fluorescence of uranium ions by iodide ions (KI), which we give in figure 1. The experiments were carried out with uranium nitrate solution (approx. m /1 0 ) employing a photoelectrical apparatus similar to th at used b y Rabinovitch and Weiss (1937) . On account of the comparatively low intensity of fluorescence of the uranium salt solution, these results cannot be regarded as very accurate, but they will suffice for the present purpose. In fact, our curve showing the dependence of the fluorescence upon the iodide-ion concentration, can be represented fairly well by the hyperbolic relation, viz. Ta = l + 5x 103(F j ( 4 = maximum intensity of fluorescence; I = intensity at a given Iconcentration).
T a b l e 1. T h e r e l a t io n b e t w e e n r e a c t io n v e l o c it
I t follows from the above results th a t an iodide-ion concentration suffi cient to cause considerable quenching of the uranium fluorescence has practically no effect on the decomposition reaction.
We have mentioned previously th a t it should be possible to obtain more direct information about the mechanism of the reaction from a study of the reaction products under various conditions. The results of such investi gations are given in the following tables. The experiments were carried out as before with oxalic acid, oxalic acid with various concentrations of sulphuric acid, and with sodium oxalate.
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The results of these experiments show th at the total loss in oxalic acid or oxalate can be represented by the following three stoichiometric equations:
(а) Decomposition to carbon monoxide:
H 2C20 4 = CO + C 02 + H 20 .
(б) Decomposition to formic acid:
(c) Oxidation to carbon dioxide with the formation of a corresponding amount of uranous sa lt:
H2C20 4+
XJv i = H20 + 2C02+*Uiv. Tables 2 a, 3 a and 4a give the results of our experiments without iodide, and also indicate the degree of reproducibility of the results. Tables  36  and 4 bc ontain the results of experiments obtained with varying concen trations of iodide ions. Table 5 shows the variation in the amounts of the reaction products with the amount of free sulphuric acid.
If any of the previously advanced theories are correct the relative amounts of the reaction products should not depend on any inhibitor present, but this is not in agreement with our experiments.
In the case of oxalic acid, the carbon monoxide formed, originally 51 %, falls to 42 % at an iodide concentration of 10-1 mol./l. and the formic acid from about 44 to 42%. For sodium oxalate the carbon monoxide is only changed by about 4% , whereas the formic acid changes from 71 to 56%. Similar results are obtained with oxalic acid acidified with sulphuric acid. The presence of sulphuric acid introduces very marked changes in the relative amounts of the reaction products, even in the absence of iodide, although the absolute rate of reaction (as has been found by previous workers) is not very strongly affected. In fact, for the strongest acid used (1 m), the course of the reaction is completely changed, as no formic acid could be detected either in the absence or presence of iodide. Some free iodine was liberated in the latter case.
These results are not specific for iodide ions as similar results were obtained with bromide ions, as will be seen from table 6.
D i s c u s s i o n
There are three independent facts which render untenable the previous theories for the mechanism of the energy transfer in the photosensitized reaction. (1) The energy of the light quantum primarily absorbed is in itself insufficient to bring about the photochemical decomposition by trans ference of the light quantum from the uranium salt to the oxalic acid, (2) there is no inhibiting effect by iodide ions in a concentration sufficient to quench the uranium fluorescence, and (3) the change in the relative amounts of the reaction products with varying concentration of the inhibitors (I-, Br~, etc.).
The first reason is not specific for the reaction in question, but arises similarly for every type of photosensitized reaction. The second has already been pointed out by Rollefson (1935) and Pringsheim (1937) , while the third is the new experimental fact put forward in this paper.
In order to explain the difficulty arising out of (2), Rollefson (1935) and Pringsheim (1937) postulated the formation of a complex between the uranium ions and oxalic acid. There is no a priori reason why the manner in which this complex decomposes should be influenced by the mere presence of iodide or hydrogen ions, but not its stability. I t would be expected, rather, th a t the stability of the complex would be influenced by hydrogen ions in particular, and thereby the rate of the decomposition should be decreased. On the contrary, however, in agreement with the work of previous authors, we have found th at the rate of the reaction (above a certain limit) is not appreciably affected by hydrogen ions, but th a t the reaction products are. Furthermore, an increase in the iodide concentra tion beyond the region of practically complete quenching of the fluorescence steadily inhibits the reaction. Obviously this could not be the case if a stable complex was the only deciding factor, as in such a case the rate must approach a constant value with increasing iodide concentration.
In order to obtain a closer understanding of this reaction it is necessary to consider the elementary process of quenching of fluorescence which is the primary process in all photosensitized reactions.
The quenching of the fluorescence of uranium ions by iodide ions follows the general scheme (Weiss 1939):
Transfer of excitation energy D* represents the excited molecule or ion which has absorbed primarily the light energy, and Acc the quenching molecule or ion.
The quenching process consists of an electron transfer from the quenching acceptor to the excited molecule or ion. The conditions for this non-adiabatic change have been discussed in detail in a previous paper (Weiss 1939). They can be summarized by saying th at for a non-adiabatic electron transfer, the potential curves must be such that the energetic distance V between the curves should change by an amount comparable to its own magnitude, during a time equal to the period associated with this energy difference.
h h
This period is -jy and during this time the nuclei move by where v dx dt is the nuclear velocity, and hence the condition becomes ( = Planck's
On the basis of a quantum mechanical interpretation of reaction (2), it can be seen th a t the decreased zero-point energy of the electron in the transition state {[D*Acc\+z[D~Acc+'\) results in a binding force between the reacting molecules or ions. This explains immediately a sort of complex formation manifested through the absorption spectrum, which goes parallel to the quenching, such as has been observed by Rollefson (1935) and Pringsheim (1937) in the case of the uranium salt-oxalic acid mixture, and by Hellstrom (1936) in the quenching of the fluorescence of methylene blue by ferrous ions.
The quenching of uranium fluorescence by iodide is now represented by the following reactions:
Light absorption: U 0^+ + fo'1-*U02'+*
Emission of fluorescence:
Quenching of fluorescence:
u o^+ * + i -^u o^+ i .
For the stationary state it follows, as shown previously (Weiss 1938):
Intensity of fluorescence:
and for the relative intensity of fluorescence ( ) an equation similar to equation (1), where I a-absorbed light intensity per sec. (in ge valent to the maximum fluorescence intensity in the absence of any quenching substances) and r = l/fc4~ 10-4 sec. represents the mean life period of the excited uranium ion (in the absence of quenching substances), and the value of which is given according to the measurements of Perrin and Delorme (1928) and Wawilow and Lewschin (1928) .
In the experiments reported above we have found the value of the product: t/c 5~ 5 x 103. From this we obtain for the reaction constant of equation (5) the value fc5~ 0-5 x 108 sec.-1 (mol./l.)-1.
In reaction (5) we have postulated the formation of a UO^ radical which is derived from a pentavalent uranium salt. This appears as a consequence of the fact th at in all these electron transfer processes only one electron is transferred in each elementary process. We should expect UO2" to be rather unstable and to have the properties of a free radical. However, there is also sufficient evidence in the literature for a pentavalent uranium salt to assume its existence (Ruff and Heinzeimann 1911; Oechsner de Conick and Camo 1901; Schwarz 1920) .
The above reactions are probably followed by Recombination: 21 = I 2,
Dismutation: 2 U 0^^U 0^+ H-U02,
(U 02 + 2H2O^U 4+ + 40H -).
Under normal conditions the reoxidation of the uranous salt or of UO^ radical by iodine molecules or atoms is sufficiently rapid so th a t no forma tion of either of these can be observed when the light is switched off and the original state thus restored. If, however, conditions can be found when this reoxidation process is inhibited, molcular iodine and uranous salts should be formed during or even after irradiation of a solution containing a uranium salt and iodide ions. I t is well known (McCoy and Bunzel 1909) th a t in the presence of a sufficient amount of free acid (e.g. sulphuric), oxidation of the uranous salt by oxygen is appreciably retarded, f This can also be shown to be true for oxidation with iodine. We have irradiated, therefore, a mixture of uranium sulphate and iodide ions in the presence of sulphuric acid (in the complete absence of any oxygen). The result is th a t molecular iodine and uranous salt are formed in equivalent concentrations. There was no difference in the amounts formed if the reaction was stopped (by addition of a measured excess of sodium thiosulphate solution) during or after illumination (see table 7 ). Also the photosensitized oxidation of iodide ions by molecular oxygen in the presence of uranium salts is now easily understood, and we have the following cycle:
Transfer of excitation energy 365 (U¥1 + t McCoy and Bunzel (1909) have found that the rate of oxidation is inversely proportional to the square of the hydrogen-ion concentration. They have suggested that this might be due to the fact that not U 4+but U( OH )f+enters into the rate-determining oxidation process. There is, however, in addition, the possibility that U 6+which will be formed from the U 4+ (by every oxidizing agent) will again take up an electron unless it is stabilized through a reaction with OH~ forming, for instance, U(OH)|+ which may decompose into UOJ and H+ ions.
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The photochemical decomposition of oxalic acid is represented by the following sequence of reactions: (Elementary process of quenching = photochemical primary process) UO^+* + HC2O r -> UO^ + HC20 4,
and HC20 4-* C 0 2 + C 00H .
This can be followed by a further decomposition of the COOH radical, according to :
with the formation of carbon monoxide which is liberated. The OH radical being a strong oxidizing agent will oxidize any penta-or tetravalent uranium salt present according to
or U4+ -f OH = U 5+ + OH-, 
The above sequence of reactions describes the photosensitized decompo sition of oxalic acid as a " tru e " catalytic process, without apparent change of the uranium salt.
However, the fact th a t the uranium salt passes through a state of lower valency in the course of the reaction is proved by the photoxidations of various organic substances with uranium salts in which the corresponding stoichiometric amount of uranous salt has actually been observed (cf. Weiss I938)-According to the results in this paper it is formed also in the photo chemical reaction between uranium ions and iodide ions. Even in the photosensitized decomposition of oxalic acid, there is always some uranous salt formed, the amount of which would again be expected to increase with increasing concentration of free acid. This is in agreement with our results and those of Biichi (1924) . In this case the hydroxyl radicals do not disappear, then, through reactions (12) or (13), but may react with oxalic acid or COOH radical, according to C 00H + 0 H^C 0 2 + H 20.
The fact th at the anion (HC20 4~) appears in the actual primary process (reaction (9)) must be concluded from the dependence of the reaction velocity on the hydrogen-ion concentration (cf. also Rollefson 1 9 3 5 ; McGinnis 1 9 3 5 ).
The fact th at small quantities of iodide ions do not inhibit the reaction can now be explained quite easily. The iodine atoms formed primarily in the quenching of the fluorescence, from excited uranium ions and iodide ions, according to reaction (5), attack the oxalate ion in exactly the same way as the excited uranium ion, viz.
I + H 020 4-->I-■ + ■ H 020 4.
The reaction product is identical with th at of reaction (9), and it makes here no difference whether iodine atoms or the (UO^+*) excited ions bring about the formation of the HC20 4 radical. For low concentrations of iodide ions, therefore (although sufficiently high for quenching the fluorescence), no inhibition of the actual reaction takes place, in agreement with experi ment. The above reaction (18) has been studied independently by various authors (Berthoud and Bellenot 1924; Allmand and Young 1931; Griffith, McKeown and Winn 1933) in the photochemical interaction between
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24-2 molecular iodine and oxalate. In this case the iodine atoms are formed by a direct photochemical splitting of the iodine molecules. If, however, the ratio (I~)/(Ox) is increasing, the iodine atoms formed primarily will not be available to react only with the anions of oxalic acid (reaction (18)), because they will then also reoxidize the uranous ions formed primarily, as would be the case if no oxalate was present. This means a loss of the active iodine atoms with the degradation of light energy into heat and consequently the inhibition of the oxalic acid decomposition.
From the work of the above authors we must conclude further th a t increasing iodide concentration inhibits the photochemical reaction between iodide ions and oxalate, and this is a further reason why with increasing iodide concentration the net reaction is decelerated.
Similar conditions hold in the case of bromine. The photochemical reaction between bromine atoms and oxalic acid and oxalate has been studied particularly by Griffith et al. (1933) .
The change of the relative amounts of reaction products forffied with changing iodide or bromide concentrations is an im portant new qualitative result which cannot be explained on the previously advanced theories.
We have seen that free acid has an inhibiting effect on the reducing power of uranous salt, so that, in this case, with increasing hydrogen-ion concentration, reaction (15) is obviously almost completely inhibited, and th e COOH radicals are oxidized to carbon dioxide and water (reaction (17)) w ithout the formation of any formic acid. At low pH values, a considerable am ount of formic acid (up to 72% in the case of the sodium oxalate m ixture (pH ~ 5) is formed. There must be a simultaneous decrease in the am ount of uranous salt formed with decreasing hydrogen-ion concentra tion, a conclusion in agreement with experiment.
The decrease in the amount of formic acid is also accompanied by an increase in the amount of carbon monoxide formed, because the monomolecular decomposition of COOH radicals (reaction (11)) can compete successfully with the bimolecular oxidation reaction with the OH radicals (reaction (17)).
I t has already been pointed out with regard to the speed of the reaction a t low concentrations of iodide ions, th at the latter will likewise not in fluence the reaction products appreciably. However, with increasing iodide-ion concentrations, we should expect a decrease in the amounts of carbon monoxide and formic acid formed, and an increased oxidation of oxalic acid or oxalate to carbon dioxide, because in this case the oxidation b y iodine atoms, according to c o o h + i -^c o 2+ h i ,
and the direct oxidation of HC20 4 radicals or the corresponding C20,f anions by iodine molecules, thus C204~ + I 2->-2C02 + I -+ 1,
will become more important. This reaction occurs in the photochemical reaction between iodine and oxalic acid-in our case the iodine is formed by the recombination of two iodine atoms. Again, of course, there will be competition for the iodine atoms between the uranous ions and the oxalic acid, and the relative amounts of reaction products formed must depend on the relative velocities of these processes.
We have confined ourselves to giving a qualitative discussion in which the main features of the reaction are brought out very well. A quantitative study would necessarily involve an independent knowledge of the reaction constants which we do not possess and a number of arbitrary assumptions would be necessary. However, all the kinetic data available can be derived from the mechanism presented above. As pointed out before, similar con siderations apply to the reaction between bromine and oxalic acid. I t will be seen th at the experimental facts can be explained by a dyna mical theory, and not by the formation of a complex between the uranium salt and the oxalic acid. However, the theory indicates the formation of a complex arising through the quantum mechanical resonance in the photo chemical primary process, but this is only a secondary effect.
Our thanks are due to Professor G. R. Clemo, F.R.S., for his interest in this work.
Summary
1. The transfer of electronic excitation energy in solution has been in vestigated in the case of the photosensitized decomposition of oxalic acid by uranium ions, and more detailed information about the mechanism of the energy transfer has been obtained by studying the reaction in the presence of substances (I-, Br~) which can act as quenchers of the uranium fluorescence.
2. New experimental facts are presented which cannot be explained by any of the previously advanced theories. In particular widely different relative amounts of the products of decomposition (CO, C02, HCOOH) have been observed with varying concentration of the quenching sub stances and hydrogen ions present in the solution.
3. A theory is discussed based on the electron transfer process between
